Abstract. For the purpose of improving the throughput and reliability of the two way decode-and-forward (DF) relay networks, we propose an opportunistic network coding and signal combining (ONCSC) based automatic repeat request (ARQ) protocol. We assume that the relay node (RN) has a buffer which can store the signals received. Hence, RN can combine the signals received from different time slots and judge to transmit or receive in the next time slot according to the output of the maximal likelihood (ML) detector. Two signal combining methods at the RN, namely maximal sum signal-to-noise ratio combining (MSSNR) and maximal minimum signal-to-noise ratio combining (MM-SNR) are proposed in this paper. Simulation results show that the proposed two signal combining methods outperform traditional No-ARQ and No-combining ARQ systems on the packets error ratio (PER) and throughput performances in the moderate SNR. Also the optimal power allocation factor between the sources and RN is discussed in the simulations.
Introduction
Relaying has been known as a powerful technique to reduce the transmit power and achieve energy efficient transmission by shortening the distance of each hop. A large number of existing works considered the half-duplex relaying (HDR), where the relay transmits and receives using the orthogonal frequency or time resources [1] [2] [3] [4] . However, one main drawback of HDR is its inherent spectral efficiency (SE) loss due to half-duplex constraint.
To solve this problem, the application of network coding (NC) to the two-way relay network (TWRN) has been investigated in [5] [6] [7] [8] [9] to improve the SE performance. The relay node first XORs two packets received from different sources and then broadcasts the network coded packet to all the users. Each user can get the expected information simply by XORing the received packet with its own packet. By mixing different packets into one packet, NC can reduce the number of transmissions and hence leading to higher throughput as well as lower transmission energy consumption [10, 11] .
Recently, the automatic repeat request (ARQ) scheme is introduced in NC based TWRN system to enhance the link reliability. In this paper, we discuss the applicability of traditional ARQ protocols of Stop-Wait (SW) in the context of NC-based TWRN. Usually, there are two main strategies to be employed at the relay: amplify-and-forward (AF) [12] and decode-and-forward (DF) [6] . In this paper, we focus on the DF strategy as the noise can also be amplified for AF compared to DF except in very high SNR, which can severely degrade the performance of the system. In addition, the relay can decode the received packets and thus have a chance to decide whether to retransmit or not in the next time slot.
Three ARQ protocols are proposed in [13] to improve the link reliability and throughput for DF based TWRN. In [14] , the throughput of a TWRN ARQ system with and without the direct link between two users is compared. In [15] , two improved NC-based ARQ schemes are investigated to increase the system throughput for TWRN. A cooperative ARQ method with network coding is proposed for TWRN in [16] , and the binary Markov channel is applied which takes the correlation of the channel coefficients in time domain into account. The buffer-aided TWRN was also investigated in [17, 18] , wherein the DF method is adopted and RN switches between different working modes adaptively to maximize the system throughput. The signal combining strategies at the RN in a ARQ based DF TWRN system have not been investigated so far. In this paper, we assume that the RN has a buffer which can store and combine the signals received in different time slots. Two signal combining methods at the RN, namely maximal sum signal-to-noise ratio combining (MSSNR) scheme and maximal minimum signal-to-noise ratio combining (MM-SNR) scheme are presented to improve the reliability of the system.
For comparison purpose, we analyze the performance of our proposed approach in terms of PER and throughput performance. Simulation results show that the performance of the proposed schemes is better than traditional No-ARQ scheme [19] and buffer-aided No-combining ARQ two-way relaying [17, 18] scheme.
The remainder of this paper is organized as follows. Section II describes the system model and ARQ strategy. The combining approach of the relay is proposed in Section III. Section IV shows some simulation results. Moreover, we conclude this paper in Section V. Fig. 1 presents the system model of the DF based TWRN considered in this paper, two single-antenna users T1 and T2 exchange information assisted by R and we assume that there is no direct link between the two users. All nodes are work in half-duplex mode, i.e. a node cannot simultaneously transmit and receive packets. Although the TWRN is simple, it is a fundamental structure of a wireless network, and operations of the relay node in a TWRN are similar to that in a complicated wireless network. All the wireless links are assumed to be flat fading Rayleigh channels with independent identically distributed (i.i.d) and all the channel coefficients are constant during one time slot and change independently from one slot to another. The channels are assumed to be reciprocal as time-division-duplex method is used. The perfect instantaneous channel state information can be obtained by all the receivers through the use of training sequences. The transmitted power of the users and the RN are 1 T P , 2 T P and R P . The data exchange procedure consists of two consecutive phases: multiple access (MA) phase and broadcast (BC) phase. Without loss of generality, we assume that all delays and frequency costs generated by ARQ are ignored. Besides, perfect system synchronization is also need.
System Model

Proposed Opportunistic Network Coding ARQ Strategy
The transmission process of the proposed opportunistic network coding ARQ strategy can be described as follows:
In the MA phase: T1 and T2 transmit the signal 1 x and 2 x to RN at the same time, respectively. The RN stores the received signal in the buffer. The received signal can be expressed as: 
Note that, for each packet, besides CRC, the extra information about the corresponding owner should be included [16] . Then, the relay does a judge to receive or transmit in the next slot according to the result of the ML detection. Hence, the proposed opportunistic network coding based ARQ strategy includes three cases:
Case A: Two-way transmission.
If the RN fails to decode both of the two packets, that is 11 xx ≠ , 22 xx ≠ , the RN feeds back two negative ACK messages to inform two users to retransmit their packets in the next time slot. After retransmission, the RN stores the received packet in the buffer. Before the next packet arrived, the RN combines the packets stored in the buffer, then, the RN does a judge to transmit or wait according to the ML result.
Case B: One-way transmission. If the RN can decode only one of the two packets, that is 11 xx = , 22 xx ≠ , the RN feeds back a positive ACK and a negative ACK to two users. For example, if x1 can be successfully detected, the RN feeds back a positive ACK and a negative ACK to T1 and T2, respectively. In the following time slot, only T2 retransmits its packet to R. Then, the RN conducts a judgement according to the output of the ML detector as Case A.
Case C: Network coding transmission. If the RN can successfully decode both of the two packets with no error, that is 11 xx = and 22 xx = . The RN don't need to store the received packets. A positive ACK is broadcasted to both of the two users. In the next time slot, the RN will send the network coding combined packet to the two users. The flow chart of the proposed opportunistic network coding based ARQ strategy is given in Fig .2 . As shown in this figure, the completion of a round depends on the condition that both packets from two source nodes are successfully decoded by the relay nodes. At the end of the MA phase, if at least one packet fails, retransmission phase starts. During the previous k − 1 time slots, several copies of the signals are stored in the buffer, the RN firstly combines them. For the two-way transmission, the signal received by the RN for the k -1 slots can be expressed as:
where 111111 ,, h − , i = 1, 2 to decide whether to receive or to transmit in the k-th slot. If the system works in the one-way transmission, for instance, we assume that RN has already successfully decode 1 x in the n (n ≤ k − 1) time slot, the T2 needs to retransmit 2 x to the RN. Similar to the two-way transmission, the RN combines the received signals and decodes the signal of T2 to decide whether to transmit or to receive. However, in this case, 11 In this paper, we set a maximum number of retransmission of N times for the proposed ARQ scheme. The reliability of the system can be improved by increasing N which on the other hand may decreases the overall throughput of the system as more time slots are used to deliver a packet. In addition, the RN still broadcast the packets if it is not successfully decoded within N times retransmission, thus the whole delay of the proposed ARQ scheme can be controlled within a certain number of time slots.
In the BC phase: The relay maps
, by using the mapping principle
M[] * [6] . R broadcasts the regenerated signal R x to T1 and T2. Then the signal received by T1 and T2 can be expressed as: Respectively, where i n , i=1,2 is the AWGN at the user with zero mean and PSD of 0 N . Each user decodes the signals of the counterpart using the operation of XORing. Meanwhile, the buffer of the relay is also be wiped for the next round of transmission.
Signal Combing Approaches At The Relay Node
Since the received signal-to-noise ratio (SNR) determines the maximum achievable data rate and (essentially) determines the probability of error, hence it is an effective measure of the Quality of Service (QoS). We consider two combining approaches from the view.
The first approach is to maximize the total transmission power, and the second is a "fair" design method in which we attempt to maximize the smallest SNR of the two received signals. Also the optimal combining method for the one-way transmission is considered.
A. Signal combining for the two-way transmission 1) MS-SNR Scheme In the MS-SNR scheme, the relay node attempts to maximize the sum SNR of the received signals. As 
It is shown in [21] that the optimal combining vector w is the eigenvector corresponding to the maximum eigenvalue of sum H . sum H can be expressed as Problem (10) is a non-convex problem which can be solved by adapting a semidefinite relaxation (SDR) approach [22] . On the other hand, we can apply SeDuMi [23] to solve the relaxation problem for the SDR method, and we need to turn (10) into real-valued by the transform formulation (11) .In the formulation (11), the symbol ℜ {·} represents the real part of complex number and ℑ {·} represents the imaginary part. 
B. Combine for the one-way transmission If one of the transmitted signals is successfully detected by the RN, then the system works in the one-way transmission mode. We assume that RN correctly decodes 1 x , then only T2 needs to retransmit its signal to the RN. The optimal combining vector w of the RN can be obtained by maximizing the received SNR of T2, i.e., 
Just as (8) , the optimal w is the eigenvector associated to the maximum eigenvalue of 2 T H .
Numerical Results
In this section, the average PER and effective throughput performances of the proposed ARQ protocols are analyzed by simulation. Also the corresponding performances of No-ARQ system and No-combining ARQ system are provided for comparisons. We assume that the packets are transmitted by using BPSK modulation for simplicity and the packet length is 256 bits. Throughout simulations, we use the pathloss model
, where λ is the path loss coefficient and d is the distance (normalized to 1). As the performance metric, effective throughput is defined as the average number of successfully delivered packets per time unit for each frame, i.e.,
where M and T are the total number of successively delivered packets and the total time units to exchange K packets between T1 and T2. As a result, the effective throughput is always bounded by for the relay at specific SNR values. In Fig 3 and4 , PER of the system are plotted as function of r, with the No-ARQ, No-combining ARQ and the two combine methods, respectively. On each curve with a given specific SNR value, it is immediately seen that the PER first drop within low r range and reaches a lowest point, then it begins to increase once the factor r is increased beyond the optimal * r which minimizes the PER. We apply the approximate optimal value of r = 0.4 in the following simulations. That is to say, more power should be allocated to the two users. At low SNR, all the schemes experience poor performance and the system PER is approximate to 1, due to the fact that the joint decoding at the relay becomes critical, so we give the curse start from 15dB of the SNR for a visual images. The performance gains of the combining schemes are illustrated by comparing with the No-ARQ system and No-combining ARQ system. In the proposed ARQ scheme without relay combining, the RN releases the packets received in the previous slots and only stores the packet received in the current slot. As there is only one packet in the buffer, no combining is performed. It can be observed that the MS-SNR scheme achieves more gain compared with the system without combination at the RN. The MM-SNR scheme outperforms the MS-SNR scheme by about 2dB for the once retransmission as the SDR approach is used, but at the cost of high complexity. At last, we simulate the effective throughput of the whole system. The result is as Fig 6. All the effective throughput at low SNR (lower than 15dB) is approximate zero. This is because both the link between T1, T2 and R are so weak that few packets can be decoded correctly in the MA phase. It can be seen from the figure that the MS-SNR method can offer a smoother increase of the throughput curve in moderate SNR (15 dB to 27 dB), but a little worse throughput in high SNR. For the MM-SNR method, it can significantly improve the throughput performance with respect to No-ARQ and No-combining ARQ system in two-way relay systems.
Conclusion
In this paper, we propose an opportunistic network coding and signal combining ARQ for DF TWRN. Two signal combining schemes, i.e., MS-SNR scheme and MM-SNR scheme are studied to further improve the PER and throughput efficiency performances. The best strategy in the sense of PER is the MM-SNR scheme at the cost of a high computational complexity by using SDR. The PER performance of the two schemes performs better than traditional No-ARQ system and No-combining ARQ system, thus they can improve the system reliability. Importantly, the effective throughput of the two schemes has a little improvement in the moderate SNR. In addition, we have also provided the result of power allocation.
